28 29 2 The circadian clock regulates various physiological responses. To achieve this, both 30 animals and plants have distinct circadian clocks in each tissue that are optimized for 31 that tissue's respective functions. However, if and how the tissue-specific circadian 32 clocks are involved in specification of cell types remains unclear. Here, by implementing 33 a single-cell transcriptome with a new analytics pipeline, we have reconstructed an 34 actual time-series of the cell differentiation process at single-cell resolution, and 35 discovered that the Arabidopsis circadian clock is involved in the process of cell 36 differentiation through transcription factor BRI1-EMS SUPPRESSOR 1 (BES1) 37 signaling. In this pathway, direct repression of LATE ELONGATED HYPOCOTYL 38 (LHY) expression by BES1 triggers reconstruction of the circadian clock in stem cells. 39 The reconstructed circadian clock regulates cell differentiation through fine-tuning of 40 key factors for epigenetic modification, cell-fate determination, and the cell cycle. Thus, 41 the establishment of circadian systems precedes cell differentiation and specifies cell 42 types. 43 44
are considered to be optimized for each tissue's respective functions, and therefore there is a 48 possibility that the different clock functions in each tissue contribute to specify the cell type. 49
In mammalian embryonic stem cells, circadian rhythms are not observed during early 50 developmental stages, but they emerge along with cell differentiation; and the circadian 51 rhythms in differentiated cells disappear when they are reprogrammed 4 . Consistently, several 52 mutations in clock genes cause abnormal cell differentiation in mammals 5 . In Arabidopsis, a 53 circadian clock associated 1; late elongated hypocotyl double mutant (cca1 lhy) shows an 54 4 in both mutants was comparable to WT (Fig. 1d ). These data suggest that both the clock genes 80 and BES1 are involved in the step of differentiation rather than dedifferentiation. 81
To clarify the relationship between the clock genes and BES1, we investigated a possible 82 link between both factors. Consistent with a previous report 9 , chromatin immunoprecipitation 83 (ChIP) using plants expressing BES1-GFP demonstrated enrichment of BES1-GFP at the G-84
box and E-box motifs in the LHY promoter ( Fig. 2a ). Transient co-expression of BES1 and 85 LHY::LUC resulted in decreased luciferase activity ( Fig. 2b ), suggesting that BES1 acts as a 86
repressor of LHY expression. In our VISUAL conditions, an active dephosphorylated BES1 87 accumulated immediately after induction ( Fig. 2c ). Consistent with the accumulation of 88 dephosphorylated BES1, the amplitude of LHY and CCA1 expression decreased after 89 induction ( Fig. 2d ). We next tested the effect of BES1 on LHY expression during VISUAL. 90
Rhythmic LHY expression with low amplitude was sustained in WT, whereas the bes1 91 mutation caused complete loss of LHY expression after induction ( Fig. 2e ). Given that stem 92 cells should be enriched in bes1 mutant after induction ( Fig. 1d ), the requirement of BES1 for 93 LHY expression suggested that BES1 is essential for triggering circadian rhythms in the stem 94
cells. 95
Since the expression of TDR and IRX3 overlapped each other, and cell differentiation 96 proceeded gradually, even in the VISUAL assay ( Fig. 1d and Supplementary Fig. 1d -f), it was 97 still unclear whether the development of circadian rhythms triggers cell differentiation or vice 98 versa. To circumvent such low spatiotemporal resolution of bulk analysis, which can be 99 attributed to the crude averaging of various cell types, we performed time-series single-cell 100 RNA sequencing (scRNA-seq) with VISUAL. Although making protoplasts is the 101 conventional way to obtain single plant cells, the procedure is not only time-consuming but 102 also potentially stress-inducing. We therefore obtained total RNA from single cells using glass 103 capillaries 10 ( Supplementary Fig. 2a and Supplementary Video 1). 216 single cell samples 104 5 harvested every 4 h, from 24 h before induction up to 84 h after induction were subjected to 105 RNA-seq, and the collected data were normalized together with time-series cell-population 106 RNA sequencing (cpRNA-seq) data obtained from whole cotyledons ( Supplementary Fig. 2b -107 e and Supplementary Table 1 ). 108
To separate xylem and phloem cell lineages, we first applied the Wishbone algorithm, 109 which can order scRNA-seq data with bifurcating developmental trajectories 11 . t-distributed 110
Stochastic Neighbor Embedding (t-SNE) of the dataset was represented by a Y-shaped 111 structure, suggesting that the Wishbone can properly reconstruct developmental trajectories of 112 xylem and phloem cells ( Fig. 3a ). This assertion was further validated by overlaying 113 expression levels of cell-type-specific markers ( Fig. 3b and Supplementary Fig. 3a ). For 114 simplicity, we focused on the xylem cell lineage and applied the Seurat algorithm 12 for 115 improving temporal resolution of the pseudo-time trajectory. Seurat allowed us to estimate the 116 most likely location of cells by referring to preset expression patterns of cell-type-specific 117 markers. Clustering of the data obtained by applying 24 reference genes in Seurat yielded four 118 major clusters presumed to be mesophyll cells, stem cells, vascular stem cells, and xylem 119 cells ( Supplementary Fig. 3b and Supplementary Table 2 ). The stem cell state was represented 120 by high expression of OBP1 and ACS6 ( Fig. 3b and Supplementary Fig. 3b ). OBP1 is highly 121 expressed in tissue with high cell proliferation activity such as developing embryo and organ 122 primordia 13 , and ACS6 encodes the rate-limiting enzyme for biosynthesis of ethylene, a plant 123 hormone that promotes stem cell division in the root 14 , demonstrating the utility of the two 124 genes as stem cell markers. 125
In general, scRNA-seq analysis kills target cells in the process of obtaining 126 transcriptome data; thus, time-series analysis is still a daunting problem 15 . Due to the lack of 127 temporal information, circadian rhythms have not been rigorously studied using single-cell 128 transcriptomes. To overcome this limitation and to reconstruct actual time-series from single-129 6 cell transcriptome datasets, we developed the PeakMatch algorithm. The basic concept of 130
PeakMatch is that the timing of significant gene expression peaks can be comparable between 131 scRNA-seq data based on pseudo time-series and cpRNA-seq data based on actual time-series 132 ( Supplementary Fig. 3c , see Methods for details). By integrating estimated peak times of 133 2,217 genes, we reconstructed an actual time-series and succeeded in improving segregation 134 of each cell-type-specific marker ( Fig. 3c,d) , and detected 24 h rhythmicity of LHY and CCA1 135 expression, even in scRNA-seq data ( Fig. 3e and Supplementary Table 3 ). The half-value 136 width of the gene expression peaks in the reconstructed actual time-series was narrow 137 compared to that of cpRNA-seq ( Fig. 3f ), demonstrating that PeakMatch reduces the crude 138 averaging effect and improves temporal resolution. Taken together, the Wishbone-Seurat-139
PeakMatch (WISP) pipeline improved spatiotemporal resolution of scRNA-seq data and 140 enabled us to handle actual time-series data at single-cell resolution. 141
Using this reconstructed scRNA-seq data, we evaluated the expression of clock genes 142 during cell differentiation. Consistent with our previous report 3 , expression of PRR5 and 143 PRR7, two clock genes whose expression is predominant in mesophyll cells, was diminished 144 in concert with the loss of mesophyll cell identity, whereas ELF4 and LUX, components of 145
Evening Complex (EC) whose expression is enriched in vascular cells, began to emerge 146 approximately 24 h after induction ( Fig. 4a,b ). We also found disruptions of circadian 147 rhythms in the stem cells, as evidenced by the expression patterns of clock genes 148 ( Supplementary Fig. 3d ). Since re-phasing of circadian rhythms was also observed in root 149 stem cell niches 16,17 , reconstruction of the circadian clock system could be generally required 150 for cell differentiation. To test how the reconstructed clock regulates cell differentiation, we 151 calculated the kinetics of GO-term enrichment. GO-terms related to DNA methylation and 152 cell cycle were significantly enriched soon after the induction of ELF4 and LUX (Fig. 4c ). We 153 then performed ChIP-seq analysis using plants expressing LUX-GFP to identify direct targets 7 of the circadian clock ( Supplementary Table 4 ). We found that CYCD3;1, RBR, and E2Fc, 155 which play leading roles in the G1-S transition, were significantly enriched ( Fig. 4d and 156 Supplementary Fig. 4a ). Consistently, clock mutants showed disruption of daily rhythms in 157 cell proliferation and decreased numbers of meristematic cells, and altered cell-cycle-related 158 gene expression and DNA ploidy patterns ( Supplementary Fig. 4b-e ). RBR also controls 159 epigenetic regulation through DNA methylation during cell differentiation 18 , and E2Fc is 160 reported as a key regulator for xylem differentiation 19 . Taken together, we concluded that the 161 reconstructed circadian clock integratively regulates cell differentiation through fine-tuning of 162 key factors for epigenetic modifications, cell-fate determination, and cell cycle ( Fig. 4e ). Our 163 finding that BES1-triggered reconstruction of the circadian clock regulates genes related to 164 cell cycle was further supported by re-analysis of recent scRNA-seq data 20 derived from root 165 tips ( Supplementary Fig. 4f ). 166
We have demonstrated that establishment of circadian systems precedes cell 167 differentiation, supporting the hypothesis that construction of the circadian clock for tissue-168 specific functions can specify cell types. Development of circadian rhythms during 169 differentiation, and distinct functions of circadian clocks in each tissue, are common features 170 across kingdoms 2-4 . Our findings and the WISP pipeline provide a new avenue for further 171 studies of circadian clocks in cell differentiation. 172 The following thermal cycling profile was used, 323 For scRNA-seq, a cotyledon was placed adaxial side down on a glass slide, and fixed with an 333 adhesive tape, e.g., cellophane tape. Then the center of cotyledon was cut using a razor blade, 334
Figure legends
and with the aid of a microscope, the contents of a single cell were collected using a glass 335 capillary. Samples were subjected to UMI-tagged sequencing using a NextSeq 500 system 336 (Illumina). The process closely followed the method described by Kubo et al 10 . For cpRNA-337 seq, total RNA was extracted using an RNeasy Plant Mini Kit and subjected to UMI-tagged 338 sequencing, as for scRNA-seq, except that 10 cycles of the PCR amplification step were 339 required. scRNA-seq data was normalized together with cpRNA-seq by DESeq 26 . 340
341

WISP pipeline 342
To identify scRNA-seq data related to the xylem cell lineage, Wishbone was performed as 343 previously described 11 . Samples after induction in VISUAL were subjected to Wishbone. The 344 first and third components of principle component analysis (PCA) were used for t-SNE. The 345 xylem lineage was selected according to the expression of xylem cell marker genes on the t-346
SNE plots. 347
Clustering of cells was performed using the Seurat R package 12 . In brief, digital gene 348 expression matrices were column-normalized and log-transformed. To obtain a landmark gene 349 set for Seurat, we divided all genes in cpRNA-seq data into 17 groups according to the peak scRNA-seq data in each respective group were selected as landmark genes. In addition to the 352 17 genes, cell-type-specific markers (CAB3, LHCB2.1, TDR, AtHB8, IRX3, IRX8, and 353 SEOR1) were also selected as landmark genes. In total, 24 genes were used as a landmark 354 gene set for Seurat. 355 Finally, we selected the genes whose correlation coefficient between scRNA-seq and 356 cpRNA-seq was more than 0.5. Among the selected genes, 2,217 genes whose sum total of 357 expression levels in the scRNA-seq data were higher than the value equivalent to ten times 358 the cell numbers were subjected to PeakMatch with the following parameters: T  2, last  0, To estimate the actual times of gene expressions in the scRNA-seq data, we would like to 370 find pairs ( , ) ∈ × of pseudo and actual times so that the expression levels , and 371 , are likely to be "comparable" for many genes ∈ . Once such pairs ( , ) are found, 372 we may estimate the actual time of , by that of , . 373
The point is that, among the observed gene expression levels, "peaks" are the most 374 important phenomena. Then it is desired that a peak in and a peak in should be 375 matched. It is also required that the pseudo time order should be preserved in the time pairs. 376
To be more precise, whenever a pseudo time p is matched to an actual time a, any pseudo 377 time p′ > p should be matched to an actual time a′ > a. 378
We formulated the problem of finding such time pairs as the maximum weighted non-379 crossing matching (MWNCM) problem for a bipartite graph. The problem is polynomially 380 solvable 27 , meaning that it is efficiently solvable from the standpoint of the theory of 381 computational complexity. 382
We took the bipartite graph so that one vertex subset was the pseudo time set and the 383 other vertex subset was the actual time set . For the edge set, we considered all possible 384 pairs ( , ) ∈ × , where we determined the weight of an edge ( , ) heuristically by 385 how the pseudo time p and the actual time a were comparable peaks. We determined the 386 weight of an edge ( , ) as follows. For each gene ∈ , we decided whether or not the 387 value , ( . , , ) was within a "peak area" in ( ., ). We considered that 388 , ( . , , ) was within a peak area if it was significantly larger than a general trend of 389 = ( ,1 , . . . , , ) (resp. , = ( ,1 , . . . , , )), which was estimated by an exponential 390 moving average. We set the weight of ( , ) to a larger value if both , and , are 391 among peak areas for more genes. 392
Given the scRNA-seq and cpRNA-seq data, the algorithm PeakMatch constructed the 393 bipartite graph, derived an MWNCM for it, and estimated the actual times of all pseudo times 394 in based on the derived MWNCM. 395
For more details and python-based programs, see https://github.com/endo-396 lab/PeakMatch. 397 398
Plasmid construction 399
For luciferase reporter constructs, the NOS terminator was amplified by PCR using the 400 following primers: 401 nosT-F, 5′-GCCGCACTCGAGATATCTAGAATCGTTCAAACATTTGGCAA; and 402 nosT-R, 5′-TACAAGAAAGCTGGGTCTAGAGATCTAGTAACATAGATGAC. 403
The amplified fragment was cloned into the XbaI site of pENTR1A (no ccdB) using an 404
In-Fusion HD Cloning Kit (TaKaRa). In the same way, the coding sequence of LUC+ was 405 amplified and cloned into the XhoI-EcoRV site of the plasmid using the following primers: 406 LUC-XhoI-F, 5′-TTCGCGGCCGCACTCGAGATGGAAGACG; and 407 LUC-EcoRV-R, 5′-TGAACGATTCTAGATATCTTACACGGCGATCTTTCCGC. 408
The resulting pENTR1A (LUC-nosT) was used for LHY::LUC. The promoter of LHY 409 was amplified from Col-0 genomic DNA using the following primers: 410
LHY-pro-F (XhoI), 5′-CGCGGCCGCACTCGATTTTGGAATAATTTCGGTTATTTC; and 411
LHY-pro-R (XhoI), 5′-ATCCGCGGATCTCGAAACAGGACCGGTGCA. 412
The amplified fragment was cloned into the XhoI site of pENTR1A (LUC-nosT). After 413 sequence verification, the plasmid was recombined with pFAST-G01 28 , introduced into Col-0 414 plants, and transgenic plants were selected by fluorescence of T1 seeds. 415
For IRX3::GUS, the promoter of IRX3 was amplified from Col-0 genomic DNA using 416 the following primers: 417
IRX3p-Fw (XhoI), 5′-CGCGGCCGCACTCGATCGAGAGCCCGA; and 418
IRX3p-Rv (XhoI), 5′-GTCTAGATATCTCGAAGGGACGGCCGGAGATTAGCAGCGA. 419
The amplified fragment was cloned into the XhoI site of pENTR1A (no ccdB). After 420 sequence verification, this plasmid was recombined with pGWB3 29 , and introduced into Col-0 421
plants. 422
For BES1::BES1-GFP, the genomic DNA fragment of BES1 containing the 2 kb 423 promoter sequence and the 1 kb downstream sequence from the stop codon was amplified 424 from Col-0 genomic DNA using the following primers: 425 CACC-pBES1_2k_F, 5′-CACCTCTCAACCTGCTCGGT; and 426 gBES1-R, 5′-CTCTGATGTGGAGTCAATG. 427
The amplified fragment was cloned into the pENTR/D-TOPO (Thermo Fisher 428 Scientific). After sequence verification, this plasmid was recombined with pGWB1 29 . The 429 resulting pGWB1-gBES1 was linearized by PCR using the following primers: 430 gBES1-C_inverse-F, 5′-TGAGATGAAGTATACATGAACCTG; and 431 bes1_R_nonstop, 5′-ACTATGAGCTTTACCATTTCCAAGCG. 432
Then, sGFP fragment was amplified using the following primers: 433 sGFP_for-gBES1-C_F, 5′-GGTAAAGCTCATAGTATGGTGAGCAAGGGCG; and 434 sGFP_for-gBES1-C_R, 5′-GTATACTTCATCTCACTTGTACAGCTCGTCCATG. 435
The sGFP fragment was inserted just before the stop codon of BES1 by fusion of the two 436 fragments using In-Fusion HD Cloning Kit. After sequence verification, this plasmid was 437 introduced into the bes1-3 mutant. 438
For transactivation assay constructs, the coding sequences of bes1-D(L) from cDNA of 439 the bes1-D mutant and RLUC from the vector pRL vector (Promega) were amplified by PCR 440 using the following primers: . Representative photos of lignin staining are below (bar = 1 mm). c, Perturbation of endogenous circadian rhythms by random light/dark periods (2L3D1L1D3L1D1L2D3L2D2L3D, total 12L12D per 24 h) inhibits vascular cell differentiation with VISUAL. Left, lignin stained xylem cell density and representative photos (n = 5, mean ± s.e., bar = 1 mm, two-sided student's t-test, p < 0.05). Right, expression patterns of LHY::LUC during VISUAL under normal and random light/dark conditions (n = 10, mean ± s.e.). d, Expression patterns of cell-type-specific markers during VISUAL in WT, cca1 lhy toc1, and bes1 (n = 3, mean ± s.e.). Green, red, and blue lines indicate marker genes for mesophyll cells (CAB3), vascular stem cells (TDR), and xylem cells (IRX3), respectively.Expression peaks of each respective gene in WT were normalized to 1. White, black, and gray boxes indicate light period, night period, and subjective night period, respectively. Fig. 2c are overlaid in yellow. e, Expression patterns of LHY::LUC in WT and bes1 during VISUAL (n = 15, mean ± s.e.). White, black, and gray boxes indicate light period, night period, and subjective night period, respectively. An expression peak in WT was normalized to 1. a, Expression patterns of clock genes in actual time-series scRNA-seq data. Expression of ELF4 and LUX originates in the stem cell. The first peak time of ELF4 and LUX expression is highlighted by the pale blue window. b, Correlation coefficient between clock genes and celltype-specific markers. c, GO-term enrichment during cell-fate transition. Genes related to cell cycle are enriched soon after the first peak of ELF4 and LUX expression. The first peak time of ELF4 and LUX expression is highlighted by the pale blue window. Green, yellow, red, and blue bars indicate mesophyll cell, stem cell, vascular stem cell, and xylem cell states, respectively. d, Visualization of ChIP-seq data around genes related to clock, cell cycle, cellfate determination, and epigenetic regulation (bar = 1 kb). Peak counts of reads are shown. e, Our model proposes that BES1 represses LHY expression in stem cells to reconstruct the circadian clock, resulting in induction of LUX expression. LUX in the reconstructed clock modulates key factors for epigenetic regulation, cell-fate determination, and cell cycle, thereby inducing cell differentiation. Figure 1 . Circadian clock associated with cell differentiation in VISUAL and non-VISUAL. a-c, Phenotypic analyses of vascular bundle development in cotyledons (a, n = 100, chisquare test, p < 0.05), guard cells (b, n = 5, mean ± s.e.), and main roots (c, n = 10, mean ± s.e.) using WT and clock mutants. Abnormal leaf vein patterns were categorized according to the numbers of areoles (a). Stomatal index was calculated as previously described 24 (b). d,e, GUS staining of cell-type-specific markers (d) and the vascular cell induction ratio (e) during VISUAL. Representative photos of lignin staining are below (e, bar = 1 mm). f, Expression patterns of cell-type-specific markers in lux nox and corresponding WT during VISUAL (n = 3, mean ± s.e.). Green, red, and blue lines indicate marker genes for mesophyll cells (CAB3), vascular stem cells (TDR), and xylem cells (IRX3), respectively. White, black, and gray boxes indicate light period, night period, and subjective night period, respectively. Peak expression levels of each respective gene in WT were normalized to 1.
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